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Fricke (1) has shown that the effects of radiation on solutes in 
dilute aqueous solutions are "indirect", i.e. caused by reaction with 
radicals produced in water by the radiation. These radicals, which are 
produced directly from action of radiation on water, will be called pri-
mary radicals. The most common primary radicals are the hydrated elec-
tron, hydroxyl radical, and hydrogen atom. The rate at which they are 
produced from water is called the G value, and is commonly expressed in 
units of radicals/(100 eV), 
Radiation-induced changes in enzymes and other organic solutes have 
often been described by an exponential function of dose (2). However, 
loss of enzymatic activity has, in many instances, been shown to conform 
to non-exponential inactivation curves (3,4,S,6,7). Generally the rate 
of inactivation decreases with increasing dose, though even this observa-
tion has met with some contrary evidence; under some conditions linearity 
has been reported for lysozyme (8), 
Th f t th h f . 0 • 1 f 1 d d e ac at t e rate o 1nact1vat1on o many so utes oes e-
crease with increasing dose is generally interpreted as a result of 
1In this.work, a solute is said to be inactivated when that property 
which is assayed is destroyed. 
1 
competit:i,on between inactivated molecules and the active ones for the 
primary radicals (9,10). 
2 
Some models have been proposed for the kinetics of solute inactiva-
tion in aqueous solution (9,10,U,12,13,14,15,16). However, they have. 
several shortcomings. It has often been assumed that the inactivation is 
exponential, and, on the basis of this assumption, a model is devised 
instead of devising a model which does, or may under c~rtain conditions, 
show exponential behavior. Also, it has often been assumed implicitly 
that a single intera~tion with a primary radical suffices to inactivate 
the solute. It seems plausible that .an enzyme or macromolecule might re-
act with a primary radical without losing that property which is assayed 
to dete~mine activity~ It will be de~onstrated that the aforementioned 
assumptions are not necessary in order to mail).tain a manageable model. 
Previous models have also neglected the possibility that a solute radi-
cal, formed from a primary radical and a solute molecule, might contrib-
ute to the inactivation of solute. Also, since the kinetics seem to be 
determined by. competi ti.on between solute molecules, intermediates,. and 
impurities for the primary radicals, disproportionation or dimerization 
reactions.involving the solute radicals should be included. 
This work will present me~hanistic schemes,which contain both of the 
preceding poss.ibili ties. The results predicted by these scJ?.emes can .then 
be compared to experime~tal data. This comparison will provide evidence 
for or against the inclusion of specific steps in the mechanistic scheme. 
It should be noted that the philosophy,behind this work is not one 
of "curve fitting!', It will be quite apparent that .even.a very simple 
and unrealisti.c mo4e1 can fit a variety ~f curves according to the rate 
constants which may be ass~gned to particular reactions. At this time it 
is impossible to obtain these rate constants from experimental proce-
<lures. Therefore, it will be the purpose of this work to devise methods 
which can be used to give evidence for generalized mechanisms from 
experimentally obtainable parameters. 
Assumptions 
A solute species reacting with primary radical w· will be repre-
sented as follows, 
3 
(1,1) 
where A is the solute, B• is the product of the reaction and k1 is the 
rate constant. If A is a large organic solute, B· may represent several 
different species, according to the:nurnber of sites in A which may under-, 
go reaction with the primary radical. Furthermore, more than one primary 
radical may,react with A. In that case, k1 represents an average rate 
const~nt which is weighted. Since B• is probably still susceptible to 
further reaction with primary radicals, the following reaction may take 
place, 
k, 
B• + w• + 2 C (1. 2) 
k2 is a rate constant that, is doubly weighted, once for the different 
primary radicals and once for the different species of B!, It is an as-
sumptie>n that kl and k2 exist such that they can describe quantitatively 
the preceding sy~tem, It is not an assumption that the actual rate con~ 
stants for the individual reactions collectively represented by (1,1) and 
(1.2) will yield rate constants.k1 and k2 when weighted according to the 
G yield of radicals and proportions of different species of B•, but only 
that constants k1 and k2 exist such that they can describe the preceding 
system (or an extension of it) in terms of ordinary chemical kinetics, 
4 
A second assumption is that the G yield for radicals remains con-
stant. Most . radiolysis work is done with a buffer present, At constant 
pH, Haissinsky (17) gives some evidence.to support this assumption, This 
assumption, restated, simply means that the solute concentration is such 
that a) the solute does not react with primary radicals in the spur, the 
region of interaction of the radiation particle or wave and solvent, and 
b) the primary radicals do not recombine outside the spur (i,e,, all 
radicals react with the solute or species derived from the solute), Kup-
perman (18) also provides some evidence to support this assumption by 
means of diffusion kinetic studies. 
A third assumption is that a solute molecule is inactivated solely 
by indirect action. No direct inactivation takes place, This assumption 
is the logical conclusion of the work of Fricke (1). 
Finally,, it will be assumed that all components of the radiolyzed 
system other than those specified in the models undergo negligible change 
in concentration relative to the changes in concentration of the species 
which are specified by the models. Particularly, this applies to buffers 
and dissolved gases, This assumption does not mean that such components 
do not scavenge primary radicals, but that this scavenging. effect is con-
stant throughout the radiolysis. 
A series of models will now be presented using the preceding assump-
tions, The first two models are unrealistic for all but the simplest 





The simplest model for the inactivation of a solute in the presence 










radical insensitive product. The G yield is the yield of radical w• per 
unit dose.and dD/dt is the dos~ rate. (The reader is reminded that it is 
an assumption that G is constant throughout the radiolysis.) 
The rate of inactivation of solute is given by 
dA 
-· = - k Aw· dt · 1 (2.4) 
The change of concentration of impurity C with respect to time is given 
by 
(2.5) 
Finally, the rate of change of concentration of primary radical w• is 
6 
given by 
dw • = G (~'\ k A k C dt dtJ - 1 w· ~ 2 w· (2. 6) 
From Equations (2.4) and (2.5), dA/dC can be obtained, 
(2.7) 
Integratin~ Equation (2,7) from A =.A0 , C = c0 to A= A, C = C, one ob-. 
tains an expression for the concentration of C in terms of A and.the rate 
constants., k 1 and k 2, 
(2. 8) 
Assuming a steady-state for w•, (which seems very reasonable at most dose 




- ~ 0 ~ G(-) - k Aw· - k Cw· dt dt 1 · 2 (2.9) 
The steady-state expression for w· is thus given by 
(2.10) 
By substituting Equation (2.10) into Equation (2.4), Equation (2.11) 
is obtained, 
(2 0 11) 
Thus, the change of solute concentration with respect to change in dose, 
D, can be written, 
7 
(2.12) 
Substituting Equation (2.8) into (2.12} and re~rranging, an integrable 






A=A k CA · 
J 2 0 (k /k ) 
A=Ao k A 2 1 A 
1 0 
dA (2.13) 
If Dx is.defined a~ the,,dose required to reduce the original conceJ).tra-
tio~ to fraction x, (x = A/A0), the .following expression is obtained, 
using dA :::\ A0dx,. 
AO x=x co k2 x=x (kzlki-1) 




Ox is linear with initial concentration of solute A0, if the odgi-
nal concentration of solute independ~nt impurity is kept constant. A 
plot .of Dx versus A0 will yi,eld a straight lin~ with an intercept pro-
portional to the a.mount of added i~purity if Mechanism I is the case. 
Mec;hanis.m II 
Since it .seems reasonable that a,pri~ary radical will react with the 
product of A + w•, this possibility should be included in a mechanism. 
Also, it seems re~sonable.that,a molecule of solute A might react_with 
primary racj.:j.cal w· .without destroying that property which is assayed. 
. ko 
This·can be represented by A(l) + w• .+ A(2)' where A= IA(n)' All A's 
r~tain the property which .is monitored .. 
8 
G(dD/dt) 
H20~w· (2 .16) 
ko 
w. + A(l) + A(2) (2 .17) 
kl 
B w • + A+ (2018) 
k 
w• + B -+2 I (2 .19) 
k 
w· + c +3 I (2.20) 
A is.again the ori~inal solute, Bis an intermediate formed from A, 
C is an added impurity, and I is an inert.product. In this case the 
original solute may or may not be inac"tri vated upon reaction with primary 
radical w•, and the inte~ediate B can still react with primary radicals, 
From Mechanism II the following equations are obtained. 
dA 









This differential eqU:ation may be solved by using A as an 
integrating factor, 
-Ck/k1+1) 
Multiplying by A gives 
9 
(2.26) 
Equation (2.26) can now be integrated between the limits (A= A0, B = 0) 
and (A= A, B = B), giving, 
A=A 








Evaluating (2,27) and solving for B gives 
(2. 28) 
Bis now expressed in terms of A and rate con~tants k1 and k2. 
An expression for C is obtained by dividing (2.21) by (2.23), and 
integrating. It is identical to the expression for C derived in the pre-
vious section (Equation (2.8)), except the subscript on the rate constant 
for the reaction of the added impurity with w· is now 3 rather than 2. 
(2. 29) 
From (2.16) - (2.20), dw•/dt is written as follows, assuming steady 
state, 
dw O ::1 O = G (dO) - (k0A+K1A+k2B+K3C)w • dt dt (2.30) 
By solving Equation (2,30) for w•, Equation (2.31) is obtained. 
(2,31) 
10 
Subst:i, tuting w• i.nto Equation (2. 21) ,, th, following expression for dA/dD 
res1,1lts .. 
(2, 32) 
By rearranging Equation (2.32), Equation (2.33) results. 
l [ko k2B kf] dD=-G k+l+kA+kA dA 
1 1 · 1 
(2,33) 
Now, by substituting Eq1,1ations (2.28) and (2.29) into Equation (2,33), an 
expression fo+ dD is obtained. 
dP=-!.{ . G 
Us~ng x = A/A0 and.A0dx = dA, we may integrate Equation (2,34). 
D;;;D l 
f dD = - G 
d=O 
x=x k 2 
+ AO f k 
x=l 1 









1 { k0 
x=x X=X k [ (k/k1-ll] 
J dO J dx + AO J 2 1-x - - G Ao Cki" + I) - . . dx 
D=O x=l x=l k1 Ck/k1 -1) 
x==x k3 ksfk1-l } 
+ co i< J x dx (2,36) 1 x=l 
Integration of Equation (2.36) gives 
1 { k0 D = - - A (-) + 1) (x-1) x G O k1 
(2,37) 
Rearrangemt;lnt yields the final result. 
}] 
(2. 38) 
Again, Dx is linear with A0, the original solute concentration, if the 
initial concentration of C, c0, is kept constant as A0 varies, The 
intercept is again proportional to the amount of solute independent 
impurity, 
The slope of Equation (2,38) is a function of k1 and k2, Therefore, 
if k1 and k2 are temperature dependent, as one might expect, a series of 
plots of A0 1 s versus Ox's taken at different temperatures might yield 
lines with different slopes, This is not the case for Mechanism I (Equa-
tion (2,15) of the previous section). Since there is some doubt as to 
whether the rate constants are tempe:r,-ature dependent, what can be said is 
this: If the slope of A0 versus Dx is temperature dependent the first 
mechanism is ruled out and the second mechanism remains a possibility. 
12 
Conversely, if Mechanism I has been ruled out (perhaps for purely chemi-
cal reasons) the temperature dependence or independence of the slope 
might suggest whether, and possibly to what degree, k1 and k2 are temper-
ature dependent. In the same manner, it might be noted that the inter-
cept will be temperature dependent if k3 and k1 are temperature dependento 
Mechanism III 
It will now be shown that for any number of consecutive steps for 
both solute and impurity, Dx wi.11 be linear with A0 , the original concen-
tration of solute, if the initial concentration of solute independent 
impurity is kept constant as A0 varies, The general consecutive mechanism 
will include the reaction of solute with w•, without the destruction of 
the property which is assayed to determine activityo The general consec-




Al (1) + w. + A1(2)' I°Al(n) = Al (2o40) 
Al 
kl 
+ w· + A2 (2 0 41) 
A2 
k2 
+ w• + A3 (2.42) 
k. 
A. + w• +J I (2 .43) 
J 
and 
cl + w. 
Kl 
+ c2 (2 .44) 
c2 + w· 
K2 




C. + w· + 1 I 
1 
(2.47) 
where Al(n) is the original solute and An' n f 1 is the subsequent product 
of An-land w• that has lost the monitored property of A1, whatever it 
may be. c1 is an impurity independent of solute and Cm' m fl, is the 
subsequent proc,iuct of Cm-l and w•. 
The original solute, A1 , disappears according to the following 
expression, 
dA1 
-. - :;: -k Aw• dt 1 1 (2 ,48) 




w. = ..,.C .... ko_A,_1_+_k_1 A"""1 __ +.....,....k-2A.,...2-+--.• -, -, .... k-j~A-j-+.........,c,,..1""'K,...1_+__,c,,..2""'K,...2-+ -.-.-.~K-i c"'"1....,,...· ) ~ 2. 50) 




dt = (k0A1 + k1A1 + k2A2 + 
(2.51) 
dA1 -k1A1G 
dD = ....,,Ck=-o-A,...1_+_k=-1-A,...1-+--=-k-2A,...2-. -+-. -. -. ...,,.k_j...,.A_j _+.......,c,,..1..,..,K,...1_+__,c,,..2..,..,K,....2-+-.-.-.-=K-/"'"i....,,...) • C 2. 52) 
Likewise, the expression for the change in concentration of A, 
n 
14 
where n = 2, .. ,, j, (any subsequent molecule or radical formed from the 
reaction of A 1 and w•) is n-
dA 
n = (k A - k A) w· dt n-1 n-1 n n 
Using the steady state expression for w•, we obtain 
,n=2, ... ,j 
(2 0 53) 
(2,54) 
At this point it is important to note that the expressions for the 
change of An and A1 are written with respect to the change in dose, and 
are independent\of dose rate dD/dL A plot of A1 versus dose should not 
change with different or even varying dose rates if, in reality, a con-
secutive mechanism obtains in the radiolysis of a solute, This will be 
discussed further i~ Chapter III. 
From (2.52) 
D=D 
J 1 dD = - G 0 ,, O + 
D=O 
where A1 is the original concentration of solute. 
0 
If x - A1/A1 , dA1 = A1 dx and 
0 0 
D=D 1 x=x {1 + ko 
j k A i 
J dD D J l n n l = ,::: - G -+ k1xA1 + D=O x x=l kl n=2 m=l 
0 
or 
K C mm 
k1xA1 





1 [A10 {l :~}{x-1}+ f 
k x=x A dx i K x=x C~dxJ D n J n l m J = - G + ~ --+ ~ x n=2 x=l x m=l x=l 
(2.57) 
From Equation (2,57) it is apparent that DX will be linear with A1 
0 
if and only if 
(a) for any given x and all A, n = 2, .•. , j, we have at that x, 
n 
f 
k x=x A dx n J n Al ~ 
--o:: 
n=2 x=l x 0 
or 
i k x=x A dx n n 
~ 
--
n=2 x=l x 
is constant (the latter seems unlikely), and 
(b) 
i K x=x C dx 
l m J m ~ -m=l x=l x 
is constant for any given x and all A, n = 2, ... , j. n 
Requirements (a) and (b) wi 11 be proven by induction. First, 
requirement (a): 
From (2.52) and (2.54) 
dA1 -k1A1 
dA = (k A . k A ) , for al 1 n = 2, , , . , j 
n n-1 n-1 - n n 
Rearranging, the following differential equation is obtained. 
- k 1A 1dA1 n- n-
(2.58) 
(2.59) 
(2 0 60) 
(2.61) 
(2 0 62) 
- Ck/k1 + 1) 
Using A1 as an integrating factor the preceding equation may be 
solved, 
16 




for al 1 n :;:: 2, •• : , j . 
The left side ,of the preceding equation is.now an exact differential. 
A =A ,A1=xA1 n n O 
J 
A =O,A =A n · 1 10 
A1=xA1 
A ·o 
J - k n-1 dA1 = n-1 (k /kl+l) 
A1=A1 A n 
0 1 
(2.64) 
Hence, by inspection 
A =A ,A1=xA1 A1=xA1 
kl An n :1 , 0 0 An-1 dAl 
~n/kl 
= -k J (k /kl +l) 0 (2. 65) n-1 A =O ,A =A Al=Al A n Al n 1 10 0 1 
When A = O, the left side of the preceding equation is equal to zero. 
n 
Therefore the preceding equation can be written as 
(k /k1 +l) dAl 
A n 
1 
(2 0 66) 
Since x = A1/ A1 , the limits on the right hand· side' of the equation be-
0 





A . n-1 
-=(k_n..,,,/ k,-1-+"'"'l ),__.,("'""kn-/"""k-1 +""""1~) A 10 dx . ( 2 • 6 7) 
x A · • 
lo 
So.lving for A , 
. n 
17 
k n-1 kik1 x=x A n-1 A = -~ x J (kn/k1+1) 
dx n 1 x=l x 
for all n = 2, ••• J J • (2 0 68) 
For n = 2, the following expression is obtained, from (2. 68) 
kl k/k1 x=x Al 
A2 = -~ x J Ck/k1 +1) 
dx (2 0 69) 
x=l x 
By definition A1 - xA1 ; hence 
0 
k/k1 x=x - Ck/k1) 
A2 = - x A1 J x dx 
0 x=l 
(2. 70) 
At a given x, 
k/k1 x=x k/k1 
- x f x dx (2.71) 
x=l 
is a constant. Let 
k/k1 x=x k/k1 
PA = - x J x dx = f 2(x) 
2 x=l 
(2 0 72) 
Therefore A2 = PA A1 , or A2 is proportional to A1 
2 O O 
at a given Xo Also, 
A2 = f 2(x)A1 at a given x. 
0 
For n = 3, Equation (2. 68) gives 
k2 kik1 x=x A2 
A3 = - r. x J (k/k1+l) dx 1 x=l x 
(2.73) 
Since A2 = f 2(x)A1 , 
0 A1 f 2(x) k2 kik1 x=x 
A3 f 0 dx = -~ x Ck3/k1+1) x=l 
(2.74) 
x 







PA is constant for a given x; therefore A3 = 
3 
tional to A1 at a given x. 
0 




function of x, A = PA A1 = A1 f (x) , Furthermore, thi.s proportionality n 3 O O n 
factor is given by the expression 
-k (kn/kl) x=x 
[ f 1 (x) J f (x) = ( k n-l)x J x c~:/kl+l) dx (2, 77) n ;x:=l n 
n = 2, 0 • 0 J J O 
Therefore, the second term inside the brackets of Equation (2,57) be-
f k x=x A i k x=x [fn~x)]dx n f n Al l n f ~ cx)dx = kl n=2 x=l 0 n=2 x=l (2, 78) 
Let 
j k xc:x [fn~x)}x P' = l n f A n=2 ~ x=l 
P' A is constant at a given x, Hence at a given x 
i k X=X A dx n J n KAAI ~ --= n=l x=l x 0 (2, 79) 
Therefore requirement (a) has been met, 
Now, for requirement (b), the following expressions are obtained for 




From (2.80) and (2.81) and the same treatment that led to Equation 
(2.68), we obtain 
From Equations (2.80) and (2.48), 
X=X 
J 
x=l [ c J m-1 
dA1 dC 1 
klAl = KlCl 
(2, 82) 
(2, 83) 
Integration of the expression on the right between the limits (A1 = A1 , 
0 
c1 = c1 ) and (A1 = A1, c1 = c1) is now possible. c1 is the original 
0 0 





--= J c; 









-= s Al 
0 0 
(2. 85) 
Using x = A1/A1 , exponentiating, and rearranging, an expression for c1 
0 
may be obtained. 
K/k 1 
Let Pc = f (x) = x 
1 1 
At a given x, PC is constant, 
1 













PC is constant at a given x and c2 = PC c1 or c2 = £2 (x)C1 , 
2 2 0 0 
Likewise, from expression (2.82), c3 is given by, 
K2 Ki Kl x:;:x 
[ (K3\+l)}x 
c = -r x J 3 3 x=l 
(2,90) 
Since c2 = £2(x)C1 
0 [f2(x)C1 J K2 Ki Kl x:;:x 






Hence, c3 = £3(x)C1 = PC c1 or c3 is proportional to c1 at a given x. 
0 3 0 0 
Similarly, all subsequent C 's are proportional to c1 at a given x 
m O 
by the proportionality factor fm (x) = PC , 
m 
K m-1 xKm/Kl x=x [ f 1 (x) J f (x) = - -K- J x (~:/Kl+ 1) dx m x=l m (2, 93) 
m = i, o o a J i 
or 
cm = f (x)C 1 m O 












C dx m -.--- = x 
i K 
p• = c r t m=l 1 
i K · x;:;:x 
I m l 








pc is a constant,at a given x. Therefore, if c1 is constant the entire 
0 
expression is constant.at a given x. 
i Km x=x 
m~l. 1S" xll 
c 
(~)rue = P'C = constant x c 10 
(2. 97) 
The second requirement, (b) is met. A plot of Ox versus A1 (holding c1 
0 0 
constant) will give a straight line if consecutive reactions occ~r. The 
intercept of this line is proportional to the amount of solute independ-
ent impurity in the system. A is the solute~ and 
(2.98) 
c0 is the original solute independent impurity concentration, 
Since A0/Dx is propqrtional to the G yield of solute (molecules 
inactivated/radi~tion unit) at x, the slope of a Ox versus A0 plot is the 
reciprocal of the G yield for the solute at that x.as the initial concen-
tration of solute, A0, is increased. It is evident, then, that the slope 
of a.linear A0 versus Ox plot is proportional to the radical scavenging 
capa~ity of the solute and all subsequent species derived from the solute 
22 
and the intercept is proportional to radical scavenging capacity of the 
solute-independent impurity and all species derived from the solute 
independent impurity 
Logarithmic Behavior and Consecutive Mechanisms 
As previously noted, solutes often show exponential behavior when 
they are radiolyzed. Some possibilities concerning logarithmic behavior 
will now be discussed. 
If the solute decrease is exponential with dose, the fc;>llowing equa-
tion is necessarily valid. 
where Kex is a constant and A1 is the solute, By referring to Equation 
(2.57) of the general consecutive mechanism, 
dAl -k1A1G 
dD = f i kOAl + k A + l K C 
n=l n n m=l mm 
(2,100) 




i i ex kOAl + k A + l K C 
n=l n n m=l mm 
(2.101) 
From Equation (2.101), it is apparent that 
f i kOAl + k A + l K C = constant 
n=l n n m=l mm 
(2 0 102) 
All of the terms in the preceding equation are radical scavenging terms. 
The conclusion must be that if consecutive reactions occur and exponen-
tial behavior is observed, the total radical scavenging ability of the 
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system remains constant throughout the radiolysis, (The steady state 
concentration of primary radicals remains constant.) 
Equation (2.102) can be shown to be valid if all species of A 
scavenge primary radicals at equal rates and all species of C scavenge 
primary radicals at equal rates, and, if enough intermediates are formed 
such that no inert product reaches appreciable concentration, That is, 
and 








(2 0 105) 
(2,106) 
By substituting Equations (2.103), (2.104), (2.105) and (2.106) into 
Equation (2.100), 
or 
where C is a constant, 
s 
dA1 -kA1G 
dD = kA0 + Kc0 
-kA G 
1 
This is the exponential behavior sought, 
a radical scavenging constant for the solution. 





Augenstine (9) concluded that all rate constants for primary radical 
reactions .. are essentially equal, after they assumed exponential behavior 
and implicitly assumed that if a radical reacts with a solute molecule, 
24 
the solute is inactivated (i.e., k0 = O). 
It is not the aut~or's contention that t~e set of conditions pro-
posed above is the only way in which Equation (2 .102) can. be valid. In-
deed, in chemical terms, the proposed constancy of the radical scavenging 
aqility of the system seems reasonable without the preceding conditions. 
A solution of an organic coll).pound would eventually be broken down into 
elementary components: co2, NH3, H2o, etc. The solution resulting from 
long-term radiolysis would likely have a very small radical scavenging 
ability. However, if the radiolysis is considered complete when ninety 
per cent of the original solute remains, the resulting solution might 
contain products which are of comparable complexity .to the original mole-
cule. The number of "sites'' which are susceptible to radical attack· 
might be nearly the same or even slightly higher than the initial number 
of sites after radiolysis to o. 90 . The averaging effect of several mol-
ecules of varying sensitivities to radical attack might account for the 
exponential behavior. It sJ10uld be noted that often, with enzymes, the 
assays are.subject to relatively large experimental error. Also, a.buf-
fer is often employed for radiolysis work. Its presence might have a 
leveling, effect on the .total radical scavenging ability of the solution 
(see page 4, Chapter I, Section II). 
Equations (2.99), (2.101) and (2.102) give Equation (2.108) 
where C is the radical-scavenging constant of Equation (2.102). 
s 
(2 .108) 
Equation (2.108) is necessarily true if consecutive reactions take place. 
and exponential behavior is .observed. If the radical scavenging ability, 
represented by Cs, decreases, dA1/dD will have a value less than that 
expected from exponential behavior. If the value C decreases as the s 
radiolysis proceeds, dA1/dD will have a larger value than that expected 
from logarithmic behavior. A careful, systematic study of the products 
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of the radiolysis of a number of organic solutes that show non-exponential 
behavior might support or discredit the preceding hypothesis. Figure 1 
illustrates the non-exponential behavior of papain as reported by Sanner 
and Pihl (6). In this case the activity decreased at a faster rate than 
that which would be expected from exponential behavior. This suggests, 
according to the hypothesis, that the total radical scavenging ability of 
the system decreases as the radiolysis proceeds. This is assuming, of 
course, that the mechanism is consecutive 1 
Impurity in the Solute 
If an impure solute is present, the original concentration of pure 
solute is proportional to the fraction of purity f. 
(2.109) 
At is the totai original concentration of pure and impure solute and A 
O Po 
is the original concentration of pure solute'. Therefore, the initial 
amount of impure solute is given by AI , 
0 
or, 
= A (1-f) 
to 
(2 0 110) 
(2.111) 
By assuming consecutive mechanisms, Equation (2.98) may be used and an 
expression for D can be written, x 
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Figure 1. Non-Exponential Behavior of Papain 
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D = P' A f + PA' At (1-f) 
x AP to I O 
(2.112) 
where PA is a constant corres,ponding to A 
p p 
ponding to A1 . 
and P' is a constant corres-
AI 
No solute-independent impurity term is included in Equa-
0 
tion (2 .112). A solute-independent impurity could, of course, be 
included by the addition of a constant to Equation (2,112). By 
rearranging Equation (2.112), 
D = [P' f + P' (1-f)JA 
x ')) AI t 0 
(2.113) 
If PAP = PAI = ,PA, that is, the radical scavenging ability of the pure 
and impure solutes are equal, 
Dx = P'A 
A t 0 
(2.114) 
Therefore, an impure solute will have no effect on the slope of a Dx 
versus A0 plot if the pure and impure solute have identical radical 
scavenging capacity, which might be expected with an enzyme. However, if 
P' and PA' are not equal, the slope may be greater or less than the 
AP I 
slope that would be.obtained from the pure solute, AP, alone, depending 
on the radical scavengi~g capacity of the impure solute A1. 
Estimation of Rate Constants 
Because the radiolysis of an organic solute is a complex affair and 
usually subject to considerable experimental error, the extraction of 
rate.constants is practically impossible by the traditional method of 
taking the first derivative of solute versus dose plots. However, if 
consecutive reactions occur, Equation (2.86) of page 19 [the general 
consecutive mechanism} will always be valid. Pulse radiolysis studies 
have provided values.for rate constants-of certain simple organic 
molecules. Using, Equation (2.86), the rate c~nstant for the inactiva-
t~on .step ca:Q. be obtain,ed in terms of fraction of inactivation and the 




K1 = the known. rate constant of the added substance; 
x = fraction of inactivation of solute; 
c1 = . concentration of ii,1puri ty at x; and 
C = original concentration of impurity. 
lo 
Hence j.f both the solute.and impurity are simultaneously.monitored 
and if the rate constant for re~ction of radical w· with the impurity is 
known, the rate constant for inactivation step is obtainable. If chemi-
cal eviden.¥e suggests that more than one primary. radical participates in 
the ,inactivation, a weighted average of known.rate.constants should be 
useq and the resulting rate cons~ant .would be a weighted average rate 
cqnstant. 
Plots Reciprocal G Yield and of DX Versus A0 
Huthinson 8.1'.ld Ross (10) provide soine o. 37 versus A0 plots .with and 
~ithout the additic;m of impurity. This plot for methylene blue, coenzyme 
A and sulfanilide .are given.in Figures 2, 3, and 4, respectively. 
Augenstine (9) uses a. similar plot •. He postulates that. a plot of 
the reciprocal, of the G yield for the solute .versus the reciprocal of the 
original. solute conce:i:i,tration is a linear. relationship at D = .D. 37° This 




















Figure 2. Methylene Blue, o_ 37 Versus A0• 
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Figure 4. Coenzyme A, o. 37 Versus A0 
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1 1 
G . :;: Cx-) cl + c2 
solute O 
at D = o, 37 (2,116) 
where c1 and c2 are constant, It is apparent that the G yield of solute 
(molecules/unit of radiation) is proportional to A0/o, 37 at D = o, 37 ; 
G = (C) solute 
AO 
0 .37 
where C is a constant. 
Substituting (2.118) into (2.117) 
or 
0 .37 1 
~:;:~ 
C' + C' 1 2 
where c1 and c2 are constants. This equation can be written as 
which is identical to Equation (2.98), page 21. 
(2,117) 
(2 0 118) 
(20119) 
(2 0 120) 
Augenstine 1 s plots, Equation (2.117), for trypsin, D-amino oxidase, 
ribonuclease, and chymotrypsin, are given in Figures 5, 6, 7, and 8, 
respectively. [l rad= 1.76 x 1012 ion pairs/cc/roentgen]. Trypsin and 
' D-amino oxidase show linearity, supporting consecutive mechanisms. How-
ev~r, chymotrypsin and ribonuclease show a downward deviation from 
linearity much greater than experimental error should allow (see Figures 
7 and 8). Accordingly, consecutive mechanisms should be ruled out for 
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DEVELOPMENT OF PARALLEL MECHANISMS 
Mechanisms IV - V 
Th.e product of the highly reactive radical species w· and the solute 
A is probably a radical B•, 
(301) 
This radical, although not as reactive as w·, should undergo some further 
reaction in addition to reaction with another primary radical. The 
secondary solute radical could react with another secondary solute radi-
cal, the original solute molecule, or another molecular species. 
The product of the B• + B• reaction might be molecular species or a 
molecular species and a diradical, depending on a number of factors, 
particularly, the size of the original solute molecule. 
kBB 
B• + B• + (B; + C) + C + C (3. 2) 
kBB 
B• + B• + B: + C (3 0 3) 
C now represents a molecular species that is capable of scavenging pri-
mary radicals. 
The product of the B• + A step is probably a molecular species C and 
another secondary radical. 
kAB 
B• +A+ B• + C (3.4) 
'Z '7 
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The product of B· + C is probab~y another molecular species and 
another secondary radical. 
kBC 
B• + C + C + B• (3.5) 
This step will have no ultimate effect on the kinetics if the assumption 
concerning the weighted average rate constants is correct (Section II, 
Part I). Also, it will be assumed that the diradical of expression (3.3) 
will undergo the same reactions as the .radical B• (expressions (3.3), 
(3.4), and (3.5), and, again, a weighted average rate constant can des-
cribe the reactions of both B· and B:. The simplest mecha~ism using ex-
pressions (3.2), (3.4), and (3.5) is Mechanism IV. No impurity will be 
used in Mechapism IV; C now represents a molecular species formed from A. 
Mechanism IV 
G(dD/dt) 
H2o ~w· (3,6) 
ko 
w· + A(l) + A(2)' })(n) = A (3, 7) 
w· + 
kl 
A+ B• (3, 8) 
w• + B• 
k2 
+ c (3.9) 
k3 
Inert Product (3 0 10) w· + c + 
B• + B• 
k4 
+ c + c (3 0 11) 
k 
B·· + A +5 B• + C (3.12) 
w· + B• 
k6 
+ B: (3.13) 
Similarly, using expressions (3.3), (3.4), and (3.5), the simplest 
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possible mechanism is Mechanism V, 
Mechanism V 
G (dD/dt) 
H20 w• (3,14) 
ko 
w• + A(l) + A(2)' LA(n) = A 
kl 
B• w• + A+ (3,16) 
w· + B• 
k2 
c + (3,17) 
k3 
Inert Product w• + C+ (3,18) 
B• + B • 
k4 
B: + c + (3,19) 
B• + 
ks 
A+ C + B· (3 0 20) 
w• + B• 
k6 
B: + (3,21) 
Again, no impurity is included in Mechanism V. 
It seems to be a reas9nable postulate that Mechanisms IV and V are 
related to some general mechanism containing non-consecutive steps in 
much th(;') same way that Mechanism II, a specific consecutive mechanism, 
is related to Mechanism III, the general consecutive mechanism, However, 
no general proof of this postulate will be given. Restated, the postu-
late implies that a comparison of the kinetics resulting from Mechanism 
IV and V to the kinetics resulting from Mechanism III will show the same 
general patterns as a comparison of the kinetics resulting from a general 
non-consecutive mechanism which is analogous to Mechanisms IV and V and 
the general consecutive Mechanism III, Of course, since no impurity is 
present in Mechanisms IV and V, the analogy should hold when c0 (initial 
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impurity concentration) is :zero for Mechanisms II and II I. Similarly the 
analogy should hold if an impurity which does not form inactivating sec-
ondary radicals, but only undergoes consecutive reactions, is addeq to 
the general non-consecutive me~ism. 




The steady state expression for w• is 
(3,25) 
Substituting (3.25) into (3.22), (3.23) and (3,24L respectively, Equa-. 
tions (3, 26), (3. 27) and (3. 28) are obtained. 
dA -kl GA 
dD = (kl A + k 2B + kf. + k0A + k6B) 
(3,26) 
dB G(k1A - k2B) 
dD = (k 1A+ k2B + k 3C + k0A + k6B) 
(3 0 27) 
dC (k2B - k3C)G 
dD = (k 1A + k 2B + k 3C + k0A + k6B) 
Similarly, Mech.anism V yields the following equations, 
dA 
-k AG k AB 
1 5 -= 




(k1A - k 2B)G k B
2 
4 -= 




dC (k2B - k 3C)G 






(3 0 31) 
Solutions to Mechanisms IV and V, 
0113 Versus A0 Plots 
Equations (3. 26-3, 28) and (3,.29--3, 31), corresponding to Mechanisms 
IV and V, respectively, were solved numerically using a computerized ap-
plication of the Runga Kutta numerical method for simultaneous first 
order differential equations, An IBM 360 compute-r was used. The results 
.. 
that follow are example~ of the patterns which were observed •. All 
parameters not specified by the figures designated in the discussion are 
to be found in Table I. 
Figure 9 illustrates the deviations from Hnearity of the 0113 
versus A0 plot for some selected variations in rate constants k4 (corres-
ponding to the B• + B• reaction) and k5 (corresponding to the A+ B• 
reaction). Both Mechanisms (IV and V) are represented in Figure 9. The 
results illustrate that linearity increases as _the k/ks ratio increases, 
The limiting initial slope of ;all the curves is the slope of the 0113 
versus A0 plot when k4 and k5 are both zero (curve 1), corresponding to a 
consecutive mechanism. Mechanism IV tends-to show greater deviation from 
linearity than Mechanism V when identical parameters are used (curve 3; 
curve 6; curve 4, curve 7; curve 5~ curve 8), Mechanisms IV and V differ 
only in the fact that in one case the B• .+ B• reaction yields two mole-
cules in one case (Mechanism V) and a diradical and.a molecule in the 
other (Mechanism IV), Therefore, if a stoichiometric relationship that 
represents both the preceding possibilities is used, deviation from 
linearity .less. than Mechanism IV and greater than Mechanism V would be 
TABLE I 
PARAMETERS FOR NUMERICAL INTEGRATION OF MECHANISMS IV AND V 
Parameter Value 
1.0 x 109 (liters/mole-second) 
1.5 x 109 (liters/mole-second) 
1,8 x 109 (liters/mole-second) 
Varied (see Figures 9 and 10) 
Varied (see Figures 9 and 10) 
1. 0 x 109 (liters/mole-second) 
1.0 x 109 (liters/mole-second) 
3.0 x 10-8 mole radicals/rad 
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8 
DOSE RATE = I RAD/ SEC 
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Ao x 10"4 MOLES/ .I. 
3.5 
Figure 9. Results of Numerical Integration of Mechanisms 
IV and V 
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expected. This is observed in curve 9j where the following stoichoiometry 
was assumed: 
B• + B• + 1.75 C + ,25 B: (3,32) 
Generally, it seems that the deviations from linearity in Figure 9 
increase as the proportion of solute molecules inactivated by secondary 
solute radicals increase, 
The highest k/k5 ratio, when k5 f:. O; that illustrated in Figure 9 
is 100, curves 6 and 3, Generally, the B• radical could not be considered 
in a steady state in the individual integrations that resulted in the 
lines of Figure 9, as it normally rose to from ~s to ~1s percent of the 
concentration of A0 at some time during the integrations, 
Figure 10 illustrates a k4/k5 ratio of 1000 for Mechanism V, Gen-
erally, the B• radic.al could be considered in the steady state, as its 
-3 concentration never reached a level greater than 10 times that of A0 in 
the individual integrations, (The author does not mean to imply that the 
B• radical is in the steady state because of the higher k4/k5 ratio; the 
steady state of B· is undoubtedly a result of the fact that either k4 or 
k5, or both, are larger in Figure 10 than they are in Figure 9,) 
All of the curves represented in Figure 10, with the possible excep-
tion of curve 6, are good approximation of a straight line, It is a 
apparent, however, that curves 5 and 6 represent cases in which there is 
considerable inactivation of solute molecules by secondary solute radi-
cals, A possible explanation of linearity of.the lines in Figure 10 is 
the steady state behavior of the B• radical, That is, the following 
processes, 
k 
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2 B•-+ 2 C 
and 
k 
B• + A +w C + B· 
might be represented by 
and 
if B• is in.the steady state. 
k' 
A+ w• ..,,xy C 
k' 1 zw 







When the dose rate is increased, the slope of the linear, or semi-
linear, A0 versus Ox plots.increases (curves 6 and 4; curves 5 and 3, 
Figure 10) •. This is to be expected from Equations (3. 26) and (3. 29). It 
is obvious from Equations (3,27) and (3.30) that an increase in dose rate 
decreases the number of B• + B• and A + B• reactions. Therefore, an in·-
crease in dose rate should increase the slope of a linear or semilinear 
A0 versus Ox plot according to the proportion of solute molecules which 
are inQcctivated by secondary solute radicals. If no increase in slope is 
observed, the conclusion would be that very few solute molecules are in-
activated by secondary solute radicals. However, curve 2 of Figure 9 and 
curve 2 of Figure 10 indicate t4at t4e B• + B• reaction might take place 
to a very appreciable extent without significant deviation from the be-
havior expected if only consecutive reactions occurred. 
It seems probable that under certain conditions. a semilinear or 
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linear Dx versus A0 plot might show some curvature when the dose rate is 
increased. However, the author did not observe such behavior with the 
mathematical models. 
It has been shown that a plot of 1/G for the .solute versus the 
reciprocal of the original concentration should also give a straight 
line, if consecutive mechanisms occur. Augenstine's plots for chymo-
trypsin and ribonuclease (Figures 7 and 8) are not straight lines. When 
a constant term for added impurity undergoing consecutive mechanisms was 
added to the D113 resulting from the numerical solution from Mechanism V, 
Figure 11 results. (All parameters except k4 and k5 are given in Table. 
I.) In Figure 11, D113 (1/3 A0), which is proportional to 1/GA, was 
plotted against 1/A0. Figure 11 is quite similar to Figures 7 and 8 in 
form, suggesting a parallel mechanism. However, this type of curvature 
was not always observed for the 1/G solute versus l/A0 plot when the Dx 
versus A0 showed deviations from linearity. 
Dose Rate Effects 
Since dose rate changes can change the slope of the D113 versus A0 
plots of Figure 10, an example of dose rate effects for one A0 seems to 
be in order. Figure 12 illustrates some dose rate effects for Mechanism 
V, The k4 and k5 rate constants are given on the graph and the dose rate 
was varied from 1.0 rad/sec to 3.75 rad/sec. A0 = 5.0 x 10-S moles/t. 
The remainder of the parameters are given in Table I. 
Gen~rally, the dose rate effect.is more pronounced as the number of 
secondary radicals inactivating the solute increases (see Figure 12). 
The limiting value of Di/ 3 -~s approximately 3.8 x 104 rads, which is the 
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Figure 12. Dose Rate Effects of Mechanism V 
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so 
obvious from Figure 11 that a dose rate effect would be observed when 
k4 = 1.0 x 10- 7 k1 and k5 = 10-lO k1 if the dose rate were decreased be-
low 1. 0 rad/sec. Similarly, the dose rate effect would disappear when 
k4 = 10-7 k1 and k5 = 5.0 x 10-S if the dose rate were increased several 
fold. Similar results were obtained for Mechanism IV, which would be 
expected from Equations (3.26-3.31). 
Figure p.illustrates the dose rate effect at A = 5 x 10-S 
0 
(moles/i) corresponding to lines 6 and 7 of Figure 10. It is not readily 
apparent why the dose rate effects are so small, even though a substan-
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CONCLUSIONS AND RECOMMENDATIONS 
If consecutive reactions occur a plot of DX versus A0 yields a 
straight line which has an intercept proportional to the amount of 
solute independent impurity and a slope which is a measure of the radical 
scavenging capacity of the solute and all subsequent species formed from 
the solute. 
Furthermore, the rate of change of any species in the consecutive 
mechanism with respect to dose is independent of dose rate. Therefore no 
dose rate effect should be observed for consecutive mechanisms, 
Finally, if consecutive mechanisms occur and Mechanism I is ruled 
out, a temperature dependence of the slope of the Dx versus A0 plot indi-
cates a temperature dependence of the rate constants for the reactions of 
the solute and subsequent intermediates from the solute and primary 
radicals. 
Whe,n solved numerically, the parallel mechanisms, Mechanisms IV and 
V, give various deviations from linearity with the Dx versus A0 plots, 
depending on the rate constants of the parallel steps. It appears that 
the deviation from linearity increases as secondary radicals contribute 
more to the inactivation of the original solute (see Figure 9). However, 
if the secondary radicals are in a steady state, a Dx versus A0 plot will 
sometimes approximate linear behavior, even though a substantial portion 
of the original solute is inactivated by secondary solute radicals (see 
S? 
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Figure 10). In that case an increase of the dose rate increases the 
slope of the Dx versus A0 plot (see Figure 11). Also, when the parallel 
mechanisms are solved numerically for one A0, a dose rate effect of the 
type demonstrated in Figures 12 and 13 is observed, That is, the dose 
required to inactivate the solute to 1/3 of the original solute concen-
·tration increases as the dose rate increases. The dose rate effect also 
seems to increase as a greater proportion of the solute molecules are in-
activated by secondary solute radicals, This is to be expected from 
Equations (3,26) and (3.29), 
It appears that the B• + B• reaction may take place to a substantial 
extent.without significantly altering the kinetics from those expected 
from consecutive reactions, 
The preceding discussion allows the following stateme?ts to be made, 
(1) If a DX versus A0 plot is not linear, the mechanism is not 
consecutive, 
(2) A dose rate effect will not be observed for consecutive 
mechanismso 
(3) A non-linear A0 versus Dx plot suggests inactivation by 
secondary solute radicals~ 
(4) A dose rate effect of the type described al::)ove suggests inacti-
vation by secondary solute radicals, 
(5) A linear A0 versus Dx plot that undergoes a change in slope 
with a ~hange in dose rate suggests inactivation by secondary solute 
radicals, 
The author does not wis~ to imply.that an experimental Dx versus A0 
plot giving similar curvature to one of the lines given in Figures 9 or 
10 necessitates rate constants of the magnitudes used in the numerical 
integration. The actual mechanisms are probably more complic:ated than 
either Mechanisms IV or V. However it is the author's assertion that a 
general parallel mechanism will show the same patterns as Mechanisms IV 
and V. 
~4 
Experimental evidence of Huthinson and Ross (10) seems to support 
either consecutive reactions or predominately consecutive reactions with 
some secondary radical-secondary radical reactions (Figures 2-5), An 
electron spin resonance spectra of the solutions taken while (or shortly 
after) the solutions are being radiolyzed might indicate the relative 
abundance of radicals during the radiolysis, A rather constant signal 
would suggest little radical build-up and support the inclusion of the 
B· + B· reaction. A signal that jumps several orders of magnitude would 
suggest strictly consecutive reactions. 
Augenstine (9) provides two plots which suggest inactivation of 
solute by secondary solute radicals (Figures 7 and 8)" 
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